INTRODUCTION
The biosynthesis of the bacterial peptidoglycan known as murein is a complex process that consists of at least three major steps : (1) the synthesis of UDP-N-acetylmuramoylpentapeptide from UDP-N-acetylglucosamine in the cytoplasm; (2) the lipid cycle reactions, in which a final pentapeptide precursor is transferred from the cytoplasm to an existing peptidoglycan; (3) the formation of crosslinked polysaccharides and the cell wall saccule (Cooper, 1991 ; Rogers et al., 1980) . The mtlrF gene of Escberichia coli (Parquet e t al., 1 989) encodes UDP-N-acetylmuramo yl-L-alanyl-D-glutamyl-meso-2,6-diaminopimeloyl-~-Ala-~-Ala synthetase (EC 6.3.2. IS), which adds D-alanyl-D-alanine to UDP-N-acetylmuramoyl-~-alanine-~-glutamyl-me~u-2,6-diaminopimelate (Michaud et al., 1987) . This reaction is the last step in the chain of reactions in the synthesis of UDP-N-acetylmuramoyl-pentapeptide. Mutants of E. coli deficient in the mtlrF gene cannot synthesize a properly structured cell wall and lyse at high temperatures, such as 42 O C , as a result of the impaired synthesis of peptidoglycan (Lugtenberg & van Schijndel-van Dam, 1972; Maruyama et al., 1988) . The EMBUGenBanWDDBJ accession number for the nucleotide sequence data reported in this paper is X62437 (SSMURFA).
The cell surface of E. coli has been well characterized (Cooper, 1991) , but the cell surface of cyanobacteria has not been characterized to the same extent. The presence of an outer membrane in cyanobacteria (Drews & Weckesser, 1982) suggests that cyanobacterial cell walls might be similar to those of Gram-negative bacteria. However, cyanobacterial cell walls react positively in the Gram reaction (Jurgens e t a/., 1985). The thickness of the murein layer of cyanobacterial cell walls (Weckesser & Jurgens, 1988) and the degree of cross-linkage in peptidoglycan are similar to those found in Gram-positive bacteria (Jiirgens e t al., 1983; Jurgens & Weckesser, 1986) . Jurgens et al. (1983) concluded that cyanobacteria have developed their own particular organization of cell walls, which differs from that of the typical cell walls of both Gram-negative and Gram-positive bacteria.
Here we present data on the structure and expression of the mtlrF gene from the unicellular cyanobacterium Synechoystis sp. PCC 6803.
METHODS
Strains and culture conditions. Competent cells of E. coli JM109 for subcloning of DNA were obtained from Takara (Kyoto, Japan). A high-temperature-sensitive murF-deficient strain, E. coli JE6607 [F-, murF(Ts), Apru-lac, thz] (Maruyama e t al., 1988) , was obtained from the National Institute of Genetics (Mishima, Japan). Cells of E. coli JE6607 were grown at 30 O C in Luria-Bertani (LB) medium (Sambrook et al., 1989) . The cells were rendered competent with CaC1, as described by Sambrook (Stanier e t al., 1971) , with continuous aeration with air containing 1 % (v/v) CO, as previously described (Wada & Murata, 1989) . Analysis of DNA sequence. The plasmid pTZ19R/8 kbp, carrying a 7.4 kb fragment of the genomic DNA of SjnechocJystis sp. PCC 6803, was obtained as described previously (Wada etal., 1990) . The full-length insert was excised from the plasmid by digestion with EcoRI restriction endonuclease and was recloned into pBluescript I1 KS( +) (Stratagene). The resultant plasmid was designated pES17. The nucleotide sequence of the region downstream of the desA gene, which encodes the A12 desaturase (Wada et al., 1993) , was determined by the dideoxy chaintermination method (Sanger et al., 1977) , with deletions by exonuclease I11 and mung bean exonuclease (both from New England Biolabs) and with synthetic oligonucleotides as sequencing primers. The computer analysis of the sequence data was performed using the PCGene program package for personal computers (IntelliGenetics). The amino acid sequences were aligned according to the algorithm of Needleman & Wunsch (1970) . Southern blot hybridization. Genomic DNA was isolated from SynechocJystis sp. PCC 6803 by the method of Williams (1988) . The DNA was digested with HindIII, DraI, AvaI and NcoI restriction endonucleases, and the DNA fragments were subjected to electrophoresis in a 0.8 % agarose gel and transferred to a Genescreen Plus nylon membrane (NEN Research Products). The copy number of the murF gene was determined with a DNA probe that corresponded to the region from position 408 to position 1098 of the nucleotide sequence shown in Fig. 2 . The DNA fragment was labelled with [ c~-~~P ]~C T P by nick translation. Hybridizations were carried out as described previously (Wada et al., 1992) . Northern blot hybridization. Isolation of total RNA from 5"nechoCJysti.r sp. PCC 6803 and Northern blot hybridization were carried out as described previously (Los e t al., 1993) . The DNA probe was the same as that used for Southern blot hybridization. The size of the murF mRNA was determined by reference to the mobilities of a set of RNA molecular mass markers (Boehringer Mannheim). Complementation of a mutation in the murf gene in E. coli. Plasmids for the transformation of the mwF-deficient strain of E. coli JE6607 were constructed as follows (see Fig. 4a ). A plasmid designated pSA21 was obtained by subcloning the SmaI-ApaI fragment of 2837 bp from pSE17 (positions 2321-5158) into the corresponding sites of pBluescript I1 KS( + ).
Plasmids pSA216, pSA217, pSA2116, and pSA2118 were obtained after truncation of the SmaI-ApaI insert of pSA21 by exonuclease I11 and mung bean exonuclease. The sequences of the 5' regions of the inserts were determined. Plasmid pAB92 was obtained by subcloning the ApaI-SmaI fragment of 2789 bp from pSE17. pEA13 was obtained by subcloning the ApaIEcoRI fragment of 2837 bp from pSE17 into the analogous sites of pBluescript I1 KS(+). These plasmids were used for transformation of competent cells of the mwF-deficient strain of E. coli JE6607. The resultant transformants were grown at 30 "C on LB agar plates supplemented with 50 pg ampicillin ml-'. Single colonies were transferred to LB agar plates without ampicillin. The genetic complementation of the mutation in the mwF gene in transformants was examined by monitoring the ability of the transformants to grow at 42 OC. The cells of the mwF-deficient strain of E. coli JE6607 and the transformants were grown for 14-16 h at 30 O C in liquid LB medium. Portions of the cultures were inoculated into 100 ml LB medium to give an OD,,, of 0.015 at 30 OC, and these cultures were incubated at 42 OC. The growth of the cells was followed by monitoring OD,,o.
RESULTS

Organization of the murf-containing region of the genomic DNA of Synechocystis sp. PCC 6803
We determined the nucleotide sequence of a 7490 bp DNA fragment that is located downstream of the desA gene on the chromosome of Synechoystis sp. PCC 6803. Fig. 1 shows the genetic map of the DNA fragment. In addition to the previously cloned desA gene (Wada e t al., 1990) five open reading frames were found in this region. ORF454 and ORF291 were located on the same strand as desA, whereas ORF457, ORF128 and ORF172 were located on the opposite strand. ORF172 was previously identified as the rpl1 gene, which encodes the ribosomal protein L9 (Malakhov etal., 1993) . ORF128 represents the cytM gene, which encodes a c-type cytochrome (Malakhov et al., 1994) . ORF454 showed a high degree of homology to the mt/rF gene of E. coli (Parquet et al., 1989) and was shown to be the equivalent of the mwF gene in Synechocystis sp. PCC 6803, as described below. A search for sequence homology in the SWISS-PROT and PIR databases did not reveal any significant similarity between ORFs 291 and 457 and known proteins. Southern blot analysis revealed only one band that hybridized with the probe for the mwF gene after digestion of the genomic DNA of Sjnechocystis sp. PCC 6803 with HindIII, DraI, AvaI and NcoI restriction endonucleases (data not shown). This result suggests that the mwF gene exists as a single copy in the chromosome of S'nechocystis sp. PCC 6803. The analysis of the copy numbers of the other ORFs in the vicinity of the murF gene (data not shown) revealed that they are also present as single-copy genes in Synechocystis sp. PCC 6803.
Structural features of the murf gene
The nucleotide sequence of the mwF gene obtained from both strands and the deduced amino acid sequence are shown in Fig. 2 (Fig. 1) .
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Northern blot analysis of the expression of the murF gene
Total RNA from Synechoystis sp. PCC 6803 was subjected to Northern blot hybridization with the probe for the murF gene. Only one specifically-hybridizing band appeared, with the mobility of a 1.6 kb fragment (Fig. 3) , indicating that the murF gene is transcribed as a monocistronic operon. The upper bands represent nonspecific hybridization of the probe to the rRNAs. This result coincides with the finding that the murF gene is located as a non-clustered single gene on the chromosome of Synechoystis sp. PCC 6803 (Fig. 1) . We examined alterations in the level of the murF transcript upon incubation of the cells of this strain at low and high temperatures and upon incubation in the dark and in the light at various light intensities. Under all the conditions tested, the intensity of the hybridized band that corresponded to the murF gene remained at a constant level (data not shown). This result implies that the murF gene is transcribed constitutively in the cells of Synechoystis sp. PCC 6803.
Complementation of a temperature-sensitive mutation in the murF gene of E. coli by the murF gene of Synechocystis sp. PCC 6803
To characterize in further detail the product of the murF gene of Synechoc_ystis sp. PCC 6803, we transformed cells of The murF gene of S'nechocytis a murF-deficient mutant of E. coli JE6607 (Maruyama et al., 1988) with plasmids that carried a full-length or truncated murF gene from Synechoystis sp. PCC 6803. Since the cells of this strain of E. coli are unable to synthesize intact cell walls, they form colonies with mucoid shape at 30 "C, and they lyse at 42 "C.
The plasmids used for the transformation of E. coli JE6607 are shown in Fig. 4(a) . The control plasmids pBluescript I1 KS( +) and pEA13, which contained none of the murF sequence, did not restore the ability to grow at 42 "C (Fig. 4b) . The transformation of the E. coli mutant with plasmids pSE17, pSA21, pSA216 and pSA217 which carried the full-length murF gene resulted in colonies with regular morphology. The transformed cells grew at 42 "C as did the wild-type cells (Fig. 4b) . Plasmids pSA2116, pSA2118, and pAB92 with truncated murF genes did not complement the temperature-sensitive phenotype of the mutant cells (Fig. 4b ). All these results indicate that the murF gene of Synechoystis sp. PCC 6803 was recognized and expressed by the transcriptional and translational machinery of E. coli, and that the product of the murF gene catalysed the ligation of DAla-D-Ala to UDP-N-acetylmuramoyl-L-Ala-D-Glu-mesodiaminopimelate (Michaud e t al., 1987) . Although the murF gene of Synechoystis sp. PCC 6803 does not have any sequence motifs that resemble the regulatory elements found in the analogous gene from E. coli (Fig. 2) , it was expressed in E. coli without a requirement for any additional regulatory sequence.
DISCUSSION
We cloned the murF gene, which encodes UDP-Nacetylmuramoyl-~-alanyl-~-glutamyl-meso-2, 6-diaminopimeloyl-D-Ala-D-Ala synthetase (EC 6.3.2.15) , the enzyme that participates in the synthesis of murein, from the cyanobacterium S'nechoystis sp. PCC 6803. The organization of the genomic region that includes the murF gene in Synechoystis sp. PCC 6803 differs from that of the murF-containing fragment of the E. coli chromosome.
The clustered organization of genes involved in the synthesis of murein and cell division has been well documented in E. coli and in other eubacteria (Kroger et al., 1991 ;  Mengin-Lecreulx e t a/., 1989). However, the chromosome of Synechoystis sp. PCC 6803 seems to be organized in a different way. We have not found any other genes for the enzymes that are involved in the synthesis of murein in the vicinity of the murF gene of S'nechoystis sp. PCC 6803 (Fig. 1) . The rpl1 gene was also found to be a single-gene operon in Synechoc_ystis sp. PCC 6803 (Malakhov et al., 1993) , whereas the rp/1 gene is a member of a cluster of genes for ribosomal proteins of E. coli (Schnier et al., 1986) .
A novel structural feature of the murF gene of Qnechoystis sp. PCC 6803 is the presence of four palindromic sequences, GGCGATCGCC, in its coding region (Figs 1 and 2). The murF gene of E. co/z does not contain any copies of this sequence. We performed computer analysis to examine the appearance of such sequences in the EMBL prokaryotic database, and we found that the palindrome RGCGATCGCY appears in cyanobacterial genomes ten times more frequently than in genomes of other prokaryotes. We suspect that this structural feature has a specific function in cyanobacteria and that it is probably relevant to DNA restriction and DNA modification systems. Recently, Gupta e t a/. (1 993) suggested that the octanucleotide GCGATCGC, i.e. the highly iterated palindrome 1 (HIPl), is involved in recombination in SJrnechococcus sp. PCC 6301.
Alignment of the amino acid sequences of the murF genes from S'nechocystis sp. PCC 6803 and E. coli revealed 39 % identity at the amino acid level (Fig. 5) . Three highly homologous regions were found in the sequences: at positions 35-55, 115-155 and 273-290 (boxed in Fig. 5 ). The function of the first region between positions 35 and 55 is unknown. The second region between positions 115 and 155 includes a typical ATP-binding domain GxxGKT/S (Parquet e t al., 1989) and it may possibly be the active site of the enzyme. The region corresponding to amino acid residues 273-290 is also conserved to a considerable extent in UDP-N-acetylmuramoyl-dipeptide synthetase, which is the product of the murD gene of E. coli (Ikeda e t a/., 1990; Mengin-Lecreulx e t al., 1989; Mengin-Lecreulx & van Heijenoort, 1990 ). This region may represent the binding site of such proteins to the UDP-N-acetylmuramoyl-monopeptide or -tripeptide.
The transformation of murF-deficient cells of E. coli JE6607 with the cyanobacterial murF gene restored the normal phenotype of E. coli cells and allowed them to survive and proliferate at high temperature. The cyanobacterial murF gene was expressed in E. coli, although no part of the murF gene of Synechoystis sp. PCC 6803 exhibited any sequence similarity to prokaryotic regulatory motifs.
Moreover, no sequence homologous to a ribosomebinding site (Shine-Dalgarno motif) was found in the vicinity of the initiation codon of the murF gene of S'nechoytis sp. PCC 6803, while the murE-murF operon of E. coli does contain a typical Shine-Dalgarno motif (Mengin-Lecreulx et al., 1989; Tao & Ishiguro, 1989; Michaud e t al., 1990) . Nevertheless, the cyanobacterial gene was effectively expressed in E. coli.
It has been reported that several cyanobacterial genes lack a typical Shine-Dalgarno motif (McCarn e t al., 1988; Tandeau de Marsac & Houmard, 1987) . The absence of such sequences cannot be explained by the unusual structure of the mRNA-binding region of the 16s rRNA in cyanobacteria. Indeed, the mRNA-binding region of the 16s rRNA of a filamentous cyanobacterium, Anabaena sp. PCC 7120, is very similar to that of E. coli (Ligon e t al., 1991) . The fact that the mwF gene from Synechoystis sp. PCC 6803 can be expressed in E. coli suggests that a Shine-Dalgarno sequence is not a prerequisite for the translation of some mRNAs, and that some other factors may be able to substitute for this sequence. However, there are several reports of fruitless attempts to express cyanobacterial genes in E. coli under the control of their * * * . * * * : * * . * * * * * . * * * * * * own regulatory sequences (Tandeau de Marsac & Houmard, 1987) . Such problems were overcome by use of artificial promoters and ribosome-binding sites (Wada et al., 1993) .
The deletion analysis of the plasmids that carried the murF gene of S_ynechocytiis sp. PCC 6803 showed that the 128 bp 5' upstream region of the gene (positions -128 to +1, counting from the first ATG codon) contains all the necessary elements for the expression of the murF gene in E. coli (Fig. 4) .
